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 Altering the cam with a decreased valve overlap decreases torque at the lean limit.
 THC and the CH4 reductions are approximately 41% for the HCNG fuel with reduced valve overlap.
 The NOx from the camshaft with decreased valve overlap is higher than that of original camshaft.a r t i c l e i n f o
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Natural gas vehicle engines are preferred over diesel engines because they release signiﬁcantly lower
amounts of nitrogen oxides (NOx) and carbon dioxide emissions. Hydrogen-compressed natural gas
(HCNG) technology is a promising alternative to that used in conventional compressed natural gas
engines because hydrogen possesses stable lean combustion characteristics. Although the NOx emissions
requirements are satisﬁed, methane emissions must be ﬁltered using an oxidation catalyst. An alternative
is required for methane reduction because improving the conversion efﬁciency of methane is expensive.
In this study, the strategy of varying the valve overlap was employed to reduce methane emissions.
Although a torque valve cannot meet engine emission speciﬁcations, the hydrocarbon and methane emis-
sions were reduced by approximately 41% by decreasing the valve overlap duration while using HCNG
fuel. The level of NOx emissions was approximately equivalent to or slightly higher than that of a conven-
tional camshaft.
 2014 The Authors. Published by Elsevier Ltd. All rights reserved.1. Introduction overproduced natural gas. However, now, they also save energyThe world energy market is attempting to diversify energy
sources because of the rapid increase in the use of fossil fuels
and the problem of global warming that is partially caused by
automotive vehicles. Natural gas vehicles (NGVs) have the advan-
tages of low carbon dioxide (CO2) emissions and a wide range of
application; the can be used in passenger vehicles, trucks, and
buses [1,2]. NGVs were initially promoted for the consumption ofor can be used as an alternative fuel. NGVs are preferable to diesel
engine-based vehicles because of their low harmful emission char-
acteristics. However, although the development of NGVs is a prior-
ity, it faces challenges such as the development of technology for
clean diesel engines and insufﬁcient infrastructure for recharging.
Recently, the development of NGV technology has focused,
especially in the case heavy duty vehicles, on reducing NOx and
achieving high thermal efﬁciency through the improvement in fuel
consumption [3,4]. Compressed natural gas (CNG)-hybrid engines
signiﬁcantly increase the cost of production, although they achieve
the improvement required by the aforementioned goals. Further-
more, hydrogen-compressed natural gas (HCNG) is a promising
fuel technology that can improve the performance of CNG engines.
HCNG is considered to be a type of mono-fuel, and it is a mixture of
20–30 vol% of hydrogen and natural gas. The advantages of HCNG
use in vehicles were proved through tests in the United States and
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reported which indicate that HCNG engines can satisfy future
emission regulations (e.g., as outlined in EURO-VI) and are
economically feasible [5–8].
An HCNG engine exhibits a leaner combustion than a CNG en-
gine, which is possible because of the stable lean combustion char-
acteristics of hydrogen. Consequently, nitrogen oxides (NOx) and
CO2 emissions can be signiﬁcantly reduced. HCNG technology
can be applied in traditional CNG engines and their fuel supply sys-
tems without any modiﬁcations. Additionally, the employment of
NOx after-treatment systems is not required. NOx emissions caused
by lean combustion can meet the EURO-VI standard (0.46 g/kW h).
However, carbon monoxide (CO) and total hydrocarbon (THC)
emissions, including methane (CH4), must be ﬁltered through an
oxidation catalyst (OC) to meet their corresponding standard
(0.5 g/kW h) [9–11]. CH4 has a very stable molecular structure,
and improvement in the conversion efﬁciency of the OC requires
an increase in the amount of precious metal used in the OC. In or-
der to ensure that the HCNG engine is cost-effective, a less expen-
sive alternative is required for CH4 reduction.
In the present study, a strategy of decreasing the valve overlap
(VO) was employed to reduce CH4 emissions. Closing the exhaust
valve earlier can lessen the level of hydrocarbon and CH4
emissions. This is because the unburned mixture retained in the
crevices emerges around the valve seat as the exhaust valve opens
and the piston approaches the top dead center (TDC) [12–14]. The
effects of decreasing the VO on the full load performance and the
emission characteristics are evaluated. The applicability of a
camshaft with a reduced VO duration was assessed by taking into
account its potential usability in the ﬁeld.2. Experimental procedures
2.1. Experimental setup
An 11-L 6-cylinder CNG engine (Doosan Infracore Inc., GL11K)
that satisﬁed the EURO-V emission regulations was used in the test.
The detailed engine speciﬁcations are listed in Table 1. The speed
and torque of the engine were controlled and monitored using an
eddy current dynamometer (Schenck). The spark ignition timing
and the fuel ﬂow rate were controlled using a computer-based uni-
versal engine control unit. An electronic throttle control and awaste
gate control for the turbocharger system were employed to control
the excess air ratio under each operating condition.
Fig. 1 shows the experimental setup for the engine tests. The CNG
from the compressed fuel vessel, which has a pressure of approxi-
mately15 MPa,wasdecompressed to0.67 MPausinga conventional
regulator for vehicles. Next, it was supplied by an eight-gas fuel-
metering valve connected to a gas mixer. A series of compressed
tanks for hydrogen, which had a pressure of approximately
12 MPa, were employed and connected to the pressure controller.
A 3:7 volumetric ratio of hydrogen to natural gas was selected for
the HCNG. This is because a 30% hydrogen concentration is consid-
ered to be the optimal ratio based on previous research [15].Table 1
Engine speciﬁcations.
Type Description
Number of cylinders 6
Bore (mm) 123
Stroke (mm) 155
Displacement volume (cc) 11,050
Compression ratio 11.5
Max. power 222 kW@ 2100 rpm
Max. torque 1150 Nm @ 1260 rpmThe CNGand hydrogen, after passing through the regulator,were
heated to 40 C using a heat exchanger. This is because an extremely
low temperature could causemalfunctioning of the fuel supply sys-
tem because of the expansion of the compressed fuel in the regula-
tor. The ﬂow rate of CNGwasmeasured using amass ﬂowmeter and
that of hydrogen was directly controlled using a mass ﬂow control-
ler. The individual in-cylinder pressure was measured using piezo-
electric pressure transducers (Kistler Co., Ltd., 6117BFD17). For the
analysis of the in-cylinder data, a high-precision rotary encoder
with a pulse per revolution of 1800 and a combustion analyzer
(DewetronCo., Dewe800)were used to observe the combustion sta-
bility. The excess air ratio of the air–fuel charge was monitored
using a lambda meter (ETAS Co., LA4) located at the exhaust runner
of an individual cylinder and downstream of the turbine.
To evaluate the effect of the VO, the torque, in-cylinder pres-
sure, and emissions were measured for each VO condition. The
VO with the original camshaft had a crank angle degree (CAD) of
32. In comparison, the duration of the VO with the modiﬁed cam-
shaft decreased by 50% (to 16 CAD). The intake and exhaust valve
timings for each camshaft are summarized in Table 2.
For each cylinder, an exhaust gas-sampling probe was installed
between the exhaust valve and the exhaust manifold. Then, the
common emission of the engine was measured after the turbo-
charger. The composition of the exhaust gas, which included CO2,
CO, THC, and oxygen (O2), was analyzed using an exhaust gas ana-
lyzer (AVL Co., AMA i60). The temperatures and pressures in the
major parts of the engine, fuel ﬂow, and exhaust gas concentra-
tions were measured, and the resulting data was stored using a
data acquisition system (GRAPHTEC Co., GL820).
2.2. Experimental methods
The engine was operated at 1260 rpm with 1150 Nm, which are
the operating conditions of a heavy-duty natural gas engine at
maximum torque with a wide-open throttle. The spark ignition
timing was selected to maximize the thermal efﬁciency, and the
maximum brake torque (MBT) was determined for each operating
condition. The excess air ratio was increased, in increments of 0.1,
from k = 1.3 to the lean limit. The combustion performance and ex-
haust emissions were analyzed with respect to the excess air ratio
for each fuel and VO duration. The temperatures of the CNG and in-
take air downstream of the intercooler were maintained at
42.5 ± 2.5 C, and the engine-inlet coolant temperature was main-
tained at 82.5 ± 2.5 C. Water-cooled heat exchangers were used
for maintaining the temperatures.
An important criterion of the full load performance is the max-
imum torque value as compared to that in the engine speciﬁca-
tions. This value is easily affected by a change in the VO that is
accompanied by a change in the volumetric efﬁciency. The test
conditions were evaluated by measuring the boost pressure with
respect to the excess air ratio while maintaining the throttle angle
opening. The performance and exhaust emissions for HCNG fuel
were compared to those of CNG.
The mass fraction burned is a factor of combustion performance
and is usually expressed as a percentage. The mass fractions
burned are derived from pressure data; the timing of the mass frac-
tion burned was compared to the spark advance timing. Mass frac-
tions burned of 10% and 90% are typically observed at the start and
end of combustion, respectively [16–18].
3. Results and discussion
3.1. Full load performance characteristics
The level of NOx required by the enforced emissions standards
can be satisﬁed via combustion in a lean-burning natural gas
Fig. 1. Schematic of experimental setup.
Table 2
Intake and exhaust valve timings for each camshaft.
Item Intake valve (CAD) Exhaust valve (CAD) Valve overlap (CAD)
Open at Close at Open at Close at
Original camshaft BTDC 18 ABDC 34 BBDC 46 ATDC 14 32
Camshaft with reduced valve overlap duration BTDC 10 ABDC 42 BBDC 54 ATDC 6 16
Fig. 2. Full load performance for each fuel vs. excess air ratio using original
camshaft/modiﬁed camshaft with reduced valve overlap duration.
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carbon emissions, including CH4, should be ﬁltered by an OC to
satisfy the required level reported in a previous study [10]. The
EURO-VI standard decreases the CH4 level by more than one-half
compared to the EURO-V standard (1.1 g/kW h). To improve the
conversion efﬁciency, the precious metal content of the OC must
be increased. This leads to both a decrease in the cost-effectiveness
of the HCNG engine and an increase in the potential for thermal
aging. Therefore, an alternative method is critically required for
CH4 reduction, without an after-treatment system such as an OC,
during the combustion process.
It is established that the majority of THC emissions are pro-
duced as a result of crevices in the piston ring or the head gasket.
Wentworth reported that THC emissions were dependent on the
width and depth of the top ring land and the unburned mixture, re-
tained in the crevices, that is emitted as the exhaust valve opens
[19]. In the present study, a modiﬁed camshaft with a reduced
VO duration was utilized. This was because altering the combus-
tion chamber geometry required a complicated redesign of the
main components, such as the piston and engine head. Some of
the THC emitted from the cylinder could be reduced by closing
the exhaust valve early when the piston approached the TDC.
Fig. 2 shows the torque values at the MBT spark timing with re-
spect to the excess air ratios for each VO condition. The torque val-
ues satisfy the requirements based on the engine speciﬁcations,except at k = 1.7 (the lean-burn limit). The torque value using
CNG and the original camshaft is sufﬁciently high at the lean-burn
limit. However, when using HCNG, the value decreases slightly be-
cause of the decreased exhaust gas energy. The introduction of
HCNG fuel results in an improvement in the thermal efﬁciency.
However, at a speciﬁc level of input energy, the increase in thermal
Fig. 4. Exhaust gas temperature for each fuel vs. excess air ratio using original
camshaft/modiﬁed camshaft with reduced valve overlap duration.
Fig. 5. Ignition delay and combustion speed for each fuel vs. excess air ratio using
original camshaft/modiﬁed camshaft with reduced valve overlap duration.
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well as the temperature and the ﬂow rate. Regardless of the fuel
type, changing the camshaft with a decreased VO duration de-
creases the torque values at the lean-burn limit. The decrease in
volumetric efﬁciency due to the decreased VO results in a reduced
torque for the modiﬁed camshaft. The boost pressure of the mod-
iﬁed camshaft is higher than that of the original camshaft. This is
because the amount of the fuel/air mixture must be maintained
to accomplish a full load performance, even with a decreased vol-
umetric efﬁciency, as shown in Fig. 3. The required boost pressure
increases with increase in the excess air ratio. However, the
amount of mixture at the lean-burn limit is insufﬁcient for the re-
quired torque. Consequently, the decreased exhaust gas energy
strongly affects the decrease in the boost pressure and the torque
values [20].
Under a certain excess air ratio condition, the increase in boost
pressure can be realized by increasing the input energy (the fuel
ﬂow rate). As a result, the thermal efﬁciency decreases, and an in-
crease in the exhaust gas temperature is associated with the mod-
iﬁed camshaft, as shown in Fig. 4. Similar levels of exhaust gas
temperatures at the lean-burn limit indicate that the decrease in
the exhaust gas energy is caused by the ﬂow rate and not by the
temperature. Thus, the extent of the thermal efﬁciency decrease
is less than that of the torque reduction.
Fig. 5 shows the spark advance timings and the timings for each
percentage of mass fraction burned with respect to the excess air
ratios. The spark advance timing did not change with the VO be-
cause an increase in the mixture does not affect the overall com-
bustion at a given excess air ratio. However, the timings for a
mass fraction burned of 10%, which is considered the start of com-
bustion, increase with decrease in the VO duration. The increase in
the residual gas, which is caused by a decreased VO duration, adds
thermal energy to the uncompressed mixture, and consequently,
the ignition delay decreases. These results show a remarkably dif-
ferent trend compared to certain previous research [21]. However,
exhaust gas recirculation (EGR) occurs owing to the slowing of
residual gas oxidation kinetics, which is closely related to the com-
bustion speed. As a result, the timing for a mass fraction burned of
90%, which is considered the end of combustion, is comparable to
that for the CAD.
3.2. Emission characteristics
The torque values due to a decreased VO duration at the lean-
burn limit do not meet the required values for the engine speciﬁ-
cations. However, the effects of the modiﬁed camshaft on the
THC and CH4 emissions are another indication that the torque val-
ues can be satisﬁed by operating at a richer mixture condition or byFig. 3. Boost pressure for each fuel vs. excess air ratio using original camshaft/
modiﬁed camshaft with reduced valve overlap duration.improving the boosting system. Figs. 6 and 7 show the THC and
CH4 emissions for each fuel and camshaft condition, respectively.
By employing a camshaft with a decreased VO duration, reduced
THC and CH4 emissions were achieved for each fuel. The level of
the THC increases steeply as the piston moves to the TDC because
the unburned mixture, which remains in the cylinder via various
storage mechanisms, is emitted. However, by closing the exhaust
valve early, a certain amount of the unburned mixture and burned
gas is trapped within the cylinder. This strategy aids in the reduc-
tion of THC and CH4 when the amount of residual gas increases.Fig. 6. Total hydrocarbon emissions for each fuel vs. excess air ratio using original
camshaft/modiﬁed camshaft with reduced valve overlap duration.
Fig. 7. Methane emissions for each fuel vs. excess air ratio using original camshaft/
modiﬁed camshaft with reduced valve overlap duration.
Fig. 8. Nitrogen oxides emissions for each fuel vs. excess air ratio using original
camshaft/modiﬁed camshaft with reduced valve overlap duration.
Fig. 9. Heat release rate for HCNG fuel at an excess air ratio of 1.6 vs. crank angle
using original camshaft/modiﬁed camshaft with reduced valve overlap duration.
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for CNG and HCNG, respectively. The reduction ratio is different
for each fuel because of the lower levels of THC and CH4 in HCNG.
However, the extents of the reduction are consistent for each ex-
cess air ratio and average approximately 0.82 and 0.63 g/kW h
for THC and CH4, respectively. The trapping of the unburned mix-
ture and burned gas through closing the exhaust valve early is be-
lieved to be the main reason for emission reduction. The reduced
VO duration negligibly inﬂuences the oxidation kinetics duringcombustion. This is similar to the analysis results of the abovemen-
tioned full load performance.
The change in NOx emissions must be evaluated because the
slight increase in the residual gas affects the ignition delay and the
combustion speed. Fig. 8 shows the results of the NOx emission var-
iation with respect to the excess air ratio conditions for different
camshafts. The level of NOx emissions for the camshaft with a re-
duced VO duration is slightly higher than or comparable to that for
the original camshaft. The increase in the EGR rate, caused by the
trapped residual gas, generally reduces the combustion speed and
temperature. Thus, the level of NOx emissions was expected to re-
duce via the dilution effect. This countertrend is assumed to emerge
because of the additional thermal energy of the residual gas. As a re-
sult, the apparent heat release rate of the camshaft, with a reduced
VO duration, is higher than that of the original camshaft, as shown
in Fig. 9. The combustion duration is longer owing to the decreased
combustion speed. These results imply the deterioration of the ther-
mal efﬁciency because the heat release is increased and the combus-
tion duration is longer. Thus, the power output is lowered for a given
operation point, even with a higher heat release peak.4. Conclusions
The effects of the VO on the full load performance and emission
characteristics of an HCNG engine were investigated. The torque
values and emissions resulting from modifying the camshaft, by
decreasing the VO duration, were examined for a heavy-duty nat-
ural gas. The performance, implementing an operational strategy
change, was also evaluated to determine whether the engine’s
speciﬁcations were satisﬁed.
The results from the experiments are summarized as follows:
(1) The camshaft with a reduced VO duration has lower torque
values at the lean-burn limit because of the decrease in vol-
umetric efﬁciency. The decrease in exhaust gas energy also
signiﬁcantly decreases the boost pressure and torque values.
(2) The increase in residual gas, caused by the reduced VO dura-
tion, shortens the ignition delay through the addition of
thermal energy to the intake mixture. On the other hand,
it decreases the speed of the oxidation kinetics, which is clo-
sely related to the combustion speed.
(3) The trapping of the unburned mixture and burned gas,
caused by closing the exhaust valve early, is the main mech-
anism of the THC and CH4 emission reduction. The THC and
the CH4 emission reduction is approximately 41% for the
HCNG fuel.
(4) The level of the NOx emissions from the camshaft with a
reduced VO duration is slightly higher than or comparable
to the emissions from the original camshaft. This is because
of the additional thermal energy of the residual gas.
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